ABSTRACT We have characterized a new family of silkmoth chorion genes, called C, which is distinct from previously characterized A and B families. The amino acid compositions of 18 purified C proteins have been determined. Three subgroups are recognized on the basis of compositional similarities and may correspond to distinct gene families or subfamilies. The sequences of two overlapping cDNA clones have been determined in their entirety and shown to correspond to a C-specific sequence. Obvious homology is observed between the middle portions of the C sequence and previously characterized B sequences. By contrast, the arms of the C sequence share no significant similarities either with each other or with the corresponding arms of B sequences. Thus, the same tripartite structure originally observed in A and B family sequences is also present in the C family and may have functional significance. Secondary structure prediction of the C sequence is presented and supports this conclusion. The observed homology between C and B family sequences clearly establishes that silkmoth chorion multigene families constitute a superfamily.
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The silkmoth chorion (eggshell) is a paradigm of a eukaryotic structure built from the products of many genes. The mature chorion consists of more than 100 structural proteins, secreted by the follicular epithelium around the maturing oocyte (1) . These proteins are produced in sequence, according to a precise developmental program (2) , and assemble to form a complex structure that serves multiple physiological functions, including physical protection and embryonic respiration (3, 4) . On the basis of size, most chorion proteins have beenadivided into four classes, A, B, C, and D in order of increasing molecular weight (5) . The two predominant classes (88% of the total protein) are A (molecular weight range, 9,000-12,000) and B (molecular weight range, 12,000-14,000). These classes have been extensively characterized by protein (6) (7) (8) (9) and DNA (10-12) sequence determinations; we have shown that each corresponds to a multigene family. Limited similarities between A and B sequences have suggested that the two families may possibly share ancient homology (10, 11) .
Here we report on the third class, C, of chorion proteins. Three C subclasses are defined by amino acid compositional similarities and differences and may correspond to three additional gene families or subfamilies. Most of the sequence of one class C component has been determined by selection and sequence determination of cDNA clones. The results show localized but unambiguous homology to B family sequences and, thus, support the notion that the chorion gene families are related, constituting an evolutionarily ancient, developmentally regulated superfamily.
MATERIALS AND METHODS
Purification and Analysis of Class C Proteins. Mature chorions from the silkmoth Antheraea polyphemus were dissolved and fractionated by differential precipitation (6) . Fraction P (the precipitate, enriched in B and C proteins) was fractionated on a Bio-Gel P-150 column containing 7 M guanidinium chloride (9, 13) . C protein-containing fractions were pooled, and the C proteins were resolved from each other by preparative isoelectric focusing (carrier ampholyte range, pH 3-5) in polyacrylamide slab gels (9) . Individual bands were eluted and analyzed by NaDodSO4 gel electrophoresis and amino acid analysis (14, 15) .
Construction, Selection, and Sequence Determination of cDNA Clones. The construction of chorion-specific cDNA libraries has been described (16) . Two libraries, one (89 clones) derived from early-stage choriogenic follicles (and therefore enriched for C sequences) and the other (532 clones) from all stages, used RSF 1030 and pML21, respectively, as plasmid vectors and Escherichia coli HB 101 as host. The methods for screening to select specific clones are described elsewhere (16) (17) (18) . DNA sequence determination was by the method of Maxam and Gilbert (19) .
RESULTS
Fractionation and Characterization of Class C Proteins. Beginning with total chorion proteins, a fraction that contains largely class C-size proteins (molecular weight, 16,000-20,000) could.be obtained by differential precipitation and column chromatography (Fig. 1) . This fraction was resolved by isoelectric focusing into 42 bands, 18 ofwhich were preparatively isolated for subsequent analysis (Fig. 1, lane I) . Many ofthe excised isoelectric focusing bands were heterogeneous with respect to size (e.g., band 5), although others (e.g., band 6) appeared to be homogeneous (Fig. 1, lanes 5 and 6, respectively) . These results suggest the existence of50-75 components in the C class; some of these may be allelic variants.
Amino acid analysis of the 18 class C protein fractions revealed some general similarities to previously characterized chorion proteins ofthe A and B classes: high percentage ofnonpolar amino acids, especially high content of glycine and alanine, low content of charged amino acids (Table 1) . However, relative to proteins of classes A and B, class C proteins were depleted in cysteine and glycine (except bands 7, 10, 12, 17, and 18) and enriched in proline (except band 10). Most C proteins showed additional differences for amino acids such as lysine, threonine, serine, and phenylalanine. Their compositional similarities but nonidentities, together with their restricted size range, were consistent with the interpretation that chorion class C proteins are encoded by related genes.
Class C protein compositions were more heterogeneous than 1043
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Proc. Natl. Acad. Sci. USA 80(1983) (12, 22) , nor a termination codon. pc404-H12 has a translatable sequence of 167 amino acid residues with a molecular weight of 16, 189 (Fig. 3 ). This can be Asp ¶ 5. 
31 UAC GGA CCA GCU UUG CCA GCA AUG AGU UGC GGA GCU GGA UCU UUC 45 (Fig. 3) . In this region, 48/77 or 62% ofthe residues are identical (excluding a single gap of four residues). The area of homology encompasses (but is not limited to) the "central region" of class B protein sequences (23) ; that region, corresponding to positions 56-113 in pc404-H12 protein, is conserved among all B sequences (12) and is thought to form a highly structured "core," largely in the ,3-sheet conformation (24) . Between positions 50 and 126, sequence homology is also obvious at the nucleotide level (Fig. 2) : 65% of all nucleotides are identical, including 43% of the nucleotides in the third codon position. Clearly, these two sequences are homologous.
No unambiguous homology was detectable in the flanking sequences (matching of glycines near the COOH-terminus is probably not significant because glycines are so abundant in this region). However, when several gaps were introduced, the COOH-terminal sequence (residues 139-167 in pc404-H12) could be matched with the corresponding sequence of 10a (13/ 21 residues are identical, or 62%, excluding four gaps totaling 10 residues).
Secondary Structure Prediction for pc404-H12. We have predicted the secondary structure (a helix, ,B sheet, 1B turn) of pc404-H12, using six different predictive methods in a manner as described (see Fig. 4 and ref. 23 In the flanking sequences, most of the predicted secondary structure is 3turn. This is particularly true in the NH2-terminal region, where only one p3-sheet strand is prominent in the predictions (positions 4-10). In the COOH-terminal region, predicted (3 turns are dominant, but 13-sheet strands may also exist.
DISCUSSION
The C Family of Chorion Genes Is a Branch of a Superfamily. In this report we have partially characterized the C family of chorion proteins and shown that it belongs to a larger superfamily. Among the multiple but distinct C proteins, which share a restricted molecular weight range and important compositional features, three subgroups are recognized, chiefly by differences in glycine/alanine ratios; these could correspond to distinct families or subfamilies (Table 1) . CI and CII, representing the majority of class C proteins, are synthesized exclusively during the early period ofchoriogenesis (2), whereas CIII proteins are synthesized only during the very late period (2, 25) . It seems reasonable that these subgroups will turn out to be distinct both developmentally and structurally, as already has been shown for classes A and B subfamilies (16) .
pc404-H12 is a component typical of many others in the C family (CII subgroup), according to amino acid composition, (26) . Now that the C family has been shown to be homologous to the B family, the weight of the evidence leads us to the conclusion that these major chorion proteins constitute a superfamily. Domain Structure. All chorion sequences characterized to date can be divided into three regions: a central region that is evolutionarily conservative within each family and highly structured, chiefly into a-pleated sheet, and two flanking arms, which evolve more rapidly and appear less structured (9, 12, 23, 26) . It is significant that the homologous portion of the B and C sequences completely encompasses without gaps what was previously defined as the "central region" by detailed comparisons of multiple components of the B family (12, 23) . From this and other comparisons (11, 26) , it would appear that maintenance of the central region sequence and length is of special importance during the evolution of chorion proteins.
The arms are more variable, both within and between the families, and are subject to numerous segmental mutations (deletions, duplications, insertions) as well as base substitutions (12) . Despite definite similarities in the arms of A, B, and He sequences (26) , such similarities are not as obvious in the B versus C comparison. Pending comparisions with additional C family sequences, we suggest that the arms in the B and C families may be homologous but have sustained extensive sequence diversification. One aspect of this diversification would be the appearance of multiple proline residues in the C family arms, analogous to the enrichment for cysteine residues in the evolution of He proteins (26) .
Although central regions and arms appear reasonably welldefined within each family by different modes of evolution, their borders do not seem unequivocal when different families are considered. For example, the G-F-A-P-A-A amino acid sequence of pc404-H12 protein (residues 50-55) is homologous with similar sequences in 10a protein and other members ofthe "middle period" B subfamily but is not conserved in the "late period" B subfamily (10) . Similarly, positions 114-126 are shared between C and B families but not with A or He families (10, 35) . Conservation ofdifferent marginal regions in different families and subgroups may be significant for protein structure (see Fig. 4 and ref. 23 ). It may be significant that in chorion genes, unlike immunoglobulin genes, borders of homology units do not correspond to intron locations (27) .
Class C Protein Function. When the predicted secondary structures of B and C proteins are compared, both important similarities and differences are apparent (Fig. 4, ref. 23 ). Major similarities include the prevalence of putative turns in the arms, especially in the NH2-terminal arm, and the high degree of structure in the central region. This latter feature may be important for formation of fibrils, the predominant ultrastructural feature of silkmoth chorion (3, 4) . Differences include the much greater length of the NH2-terminal arm and the absence of a helix from the first half of the central region in the C sequence and may be related to the specific function of class C proteins. Elsewhere we have suggested that early class C proteins are major and necessary components of the initial chorion framework, which assembles extracellularly and is subsequently modified through expansion and densification by A and B proteins (4) .
